Histone Acetyltransferase Mof Affects the Progression of DSS-Induced Colitis
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Introduction
Inflammatory bowel disease (IBD), which includes ulcerative colitis (UC) and Crohn's disease (CD), is a group of gastrointestinal diseases characterized by chronic relapsing inflammation that most commonly affect adolescents and young adults [1] . The main symptoms of UC and CD include abdominal pain, diarrhea, rectal bleeding and abnormal weight loss. IBD patients with prolonged inflammation have an increased risk of colorectal cancer, which accounts for 10-15% of all deaths from IBD [2] . Currently, there is a high prevalence of IBD in North American and European, affecting up to 0.5% of the general population [3] . However, recent systematic reviews indicate that the rate of increase in IBD incidence is considerably higher in Asia [4, 5] . Thus, investigating the mechanism of IBD is important in clinical practice.
The pathogenesis of IBD is complex and multifactorial as a result of different genetic, environmental, and gut microbial factors [6, 7] . The most recent genome-wide association studies of IBD have identified over 200 susceptibility loci as being associated with IBD [8] [9] [10] [11] . Nevertheless, these loci can explain only 13.1% of variance in disease liability for CD and 8.2% for UC [9, 12] . Many environmental factors such as smoking, dietary habits, medications, and stress, play an important role in the disease development and are identified as risk factors for IBD [13, 14] . However, further studies are needed to understand the pathogenesis of IBD.
Epigenetics is defined as regulation of heritable gene expression through epigenetic modifications without changing the sequence of the genome [15] . Epigenetic mechanisms allow cells to adapt to environmental changes by adjusting their epigenome. Thus, epigenetics bridges the gap between genes and the environment and can explain the mechanisms by which environmental factors induce pathological expression of regulatory and pro-inflammatory cytokines and determine the phenotype and function of immune cells in IBD [16] . Currently, few studies are available on the role of epigenetic mechanisms in IBD. However, epigenetic regulators of histone modification have been shown to regulate genespecific expression of T cell differentiation in the inflammatory response [17] [18] [19] . Histone acetylation is a reversible process and is dynamically regulated by histone acetyltransferases (HATs) and histone deacetylases (HDACs) [20] . Increasing evidence has implicated histone acetylation in immunological pathways [21] . Available information on the role of histone acetylation in IBD mainly come from experimental and therapeutic trials of HDAC inhibitors. Initial data have suggested that HDAC inhibitors show predominantly protective effects in models of experimental colitis [22] , but more recent reports have challenged this view [23, 24] . A recent study indicates the importance of acetylation of histone 4 in the expression of inflammatory genes in experimental colitis and suggests the potential role of HAT inhibitors in IBD treatment [25] .
Mof (males absent on the first) is a HAT of the MYST family that specifically acetylates lysine 16 of histone H4 (H4K16), which correlates positively with gene transcription [26, 27] . Studies indicate that Mof plays an important role in embryogenesis, oncogenesis, cell proliferation, and DNA damage repair [28, 29] . Beyond that, T cell-specific deletion of the Mof gene results in blockade of T cell differentiation, which indicates that mice with Mof deficient T cells have compromised immune systems [30] . The acetylation of H4K16 has been reported to be associated with the inflammatory response in experimental colitis [25] . However, in the present study, changes were only observed in H4K16 acetylation, and the direct role of HAT Mof in IBD was not clarified.
In this study, we examined the impact of dextran sulfate sodium (DSS)-induced colitis in wild-type (WT) and Mof conditional knockout (cKO) mice and showed that Mof deficiency attenuated the inflammatory response in mice with DSS-induced colitis. The cytokines implicated in the Th17 signaling pathway were found to be downregulated in the colon of Mof-cKO mice. We also demonstrated changed gene expression profiles induced by Mof deficiency. Our results suggest that HAT Mof may play an enhance role in the development of experimental colitis and provide further understanding of the role of the specific HATs in IBD which may lead to new therapeutic strategies for IBD. Genotyping was performed as previously described [31] . To deplete Mof, tamoxifen (TAM; Sigma) in sunflower oil was administered by intraperitoneal injection for 5 days at a dose of 100mg/kg per day. Four days after the last dose, experiments were conducted. All animal experiments were conducted in accordance with the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health.
Materials and Methods

Mice
Induction of colitis
To induce colitis, 6-to 8-week-old male mice were given 3.5% DSS (molecular weight, 5000 Da; Wako) solution to drink for either 3 or 7 days. The control group of mice were given water. During the 7 days of experimentation, body weight was assessed daily. All mice were anesthetized before sacrifice, and colon length was measured (anus to cecum).
Histopathological analysis
After the mice were sacrificed, the distal colonic tissue sections were fixed in 10% formalin solution, embedded in paraffin, cut into 5 μm sections, and stained with hematoxylin and eosin (H&E) for histopathological analysis. The histological score of individual mice was presented as previously described [32] .
RNA isolation and quantitative PCR
Total RNA was extracted with TRIzol reagent (TaKaRa). RNA was reverse transcribed into cDNA with RevertAid First Strand cDNA Synthesis Kit (Thermo). Amplification was performed with SYBR Premix ExTaq Kit (TaKaRa). The mRNA level of each target gene was normalized to Gapdh. The relative gene expression was determined as ΔΔCT =ΔCT(experiment) − ΔCT(control) and expressed as fold change (=2 −ΔΔCT ). Primers for Gapdh and Il22 were previously described [33] . The sequences of the primers used were: Mof-F:
Western blotting
Total protein from colon tissues of mice was extracted with lysis buffer and separated by SDS-PAGE then transferred onto polyvinylidene fluoride membranes membranes. Antibodies against Mof (Affinity), H4K16ac, IL17A, and GADPH (Proteintech) were used for western blotting, and the secondary antibodies conjugated with HRP were used to show the bands. The immune complexes were detected with an enhanced chemiluminescence kit and analyzed with Image J software.
Intestinal tissue specimens and immunohistochemistry
Colon tissue sections were deparaffinated with xylene and rehydrated in alcohol. Antigen retrieval was achieved by heating twice in a microwave in a citric acid/citrate buffer (pH 6.0). Endogenous peroxidase activity was blocked by 3% H2O2 for 15 min in the dark. Sections were blocked in 5% BSA at 37 °C for 30 min. Slices were incubated with a primary antibody overnight at 4 °C, followed by washing with PBS and incubating with an HRP-labeled secondary antibody for 1 hour at 37 °C. Slides were stained with 3, 3'-diaminobenzidine, counterstained with hematoxylin and mounted.
Chromatin Immunoprecipitation
The minced colon tissue of Mof-cKO and control mice were cross-linked using 1% paraformaldehyde for 20 min. The chromatin samples were sonicated for 10min of 5 sec on/10 sec off sonication cycle. Chromatin Immunoprecipitation (ChIP) was performed with SimpleChIP Plus Sonication Chromatin IP Kit (#56383, Cell Signaling) according to the manufacturer's instructions. An anti-Mof antibody (T13H1B2, Santa Cruz) was used for ChIP. ChIP-enriched DNA was quantified by real-time PCR. The primer sequences used were: Il17a-F: 
Statistical analysis
All data were presented as the mean ±SD. Statistical analysis of differences between two groups was performed using unpaired t-test with GraphPad Prism 6.0 software. p < 0.05 was considered to be statistically significant.
Results
Expression of Mof increases in colon tissues due to DSS treatment
To determine the involvement of Mof in the inflammatory response, mRNA and proteins were extracted from colon mucosal tissues of DSS-induced colitis mice for 3 or 7 days and control mice. In addition, paraffin-embedded colonic sections from the two groups of mice were prepared for immunohistochemistry (IHC). As shown in Fig. 1A , the mRNA level of Mof was significantly increased in colonic tissues after DSS treatment on days 3 or 7. Consistent with the change in mRNA expression, Mof protein was dramatically increased in colon tissues following DSS treatment as shown in Fig. 1B . As a specific catalytic substrate of Mof, H4K16ac showed a consistent change (Fig. 1B) . Fig. 1C shows the relative intensity of Mof and H4K16ac similar to the results shown in Fig. 1B . We also identified Mof using IHC with anti-Mof antibody, and showed that more Mof protein was present in colon mucosal tissues of DSS-treated mice compared with control mice (Fig. 1D) . These results demonstrated that Mof is involved in the development of colitis induced by DSS and suggested its potential role during the development of experimental colitis. Fig. 2A . Approximately 80% reduction of Mof mRNA expression was found in colonic tissues of Mof-cKO mice after TAM treatment (Fig. 2B) . Similarly, the protein level of Mof was significantly decreased (Fig. 2C) . No differences were observed in body weight between WT and Mof-cKO mice before exposure to DSS (Fig. 2D) . On day 7 after (Fig. 2D) . The average colon length of Mof-cKO mice following DSS treatment was longer than that of WT mice exposed to DSS (Fig. 2E and F) . H&E staining of the colon sections showed, microscopically, mild inflammation in Mof-cKO mice as compared with usignificant mucosal ulceration, missing intestinal villi, colonic wall thinning and inflammatory cell infiltration in WT mice (Fig.  2G ). Histological scores were used to statistically evaluate the morphological changes. The mean histological scores were significantly elevated in both WT and Mof-cKO mice with colitis but were higher in the WT mice (Fig. 2H) . Taken together, these data indicate that Mof deficiency ameliorates DSS-induced colitis in mice.
Mof deficiency reduces the severity of DSS-induced colitis in mice
Series of Th17-associated genes is reduced during Mof deficiency
It's previously shown that IL17A produced by T helper (Th17) cells is an important proinflammatory cytokine which has been implicated in many human autoimmune diseases including arthritis, multiple sclerosis and IBD [34] [35] [36] . To examine the potential function of Mof in colonic tissues, we therefore tested the expression of IL17A in colonic tissues obtained from Mof-cKO mice and control mice without colitis. Western blotting analysis showed that the level of IL17A protein was dramatically decreased in Mof deficient colonic tissues (Fig. 3A) . The mRNA levels of Il17a and Il22, another cytokine secreted by Th17 cells, were also profoundly reduced in Mof-cKO samples (Fig. 3B) . Steroid receptor-type nuclear receptors RORγt and RORα, the key transcription factors for Th17 cells, are important for the maintenance of IL17 expression and Th17-related genes [37] . Next, to explore the cause of Il17a reduction due to Mof deficiency, we performed quantitative PCR (qPCR) analysis, and the results showed that the mRNA level of RORγt and RORα were both decreased following the (Fig.  3C) . Furthermore, Stat3 expression, which is required for RORγt activity and cytokine production [36] , was also reduced in Mof-cKO colonic tissues (Fig. 3C) . Given the critical role of Mof in T-cell differentiation [30] , we next investigated the impact of Mof on genes related to Th17 cell differentiation. Transforming growth factor β1 (TGF-β1) and IL-6 have been reported to initiate Th17 cell differentiation. TGF-β1 and Il6 showed low expression during Mof deficiency (Fig. 3D) , suggesting a contribution of Mof to Th17 cell differentiation.
Given that Mof is a well-known transcriptional coactivator for regulating the expression of target genes, we performed ChIP studies by using the colonic tissues of Mof fl/+ ; ER Cre + mice, Mof fl/fl ; ER Cre + mice and Mof fl/fl ; ER Cre -control mice to assess whether Jmjd3 binds to the RORγt and Il17a locus directly. We found that Mof binds at the RORγt and Il17a promoter locus in colonic tissues of control mice and Mof deletion led to reduced-Mof binding, which was positively associated with Mof expression (Fig. 3E) . Our results indicated that Mof regulates many Th17-associated genes, including Il17a, Il22, RORγt, RORα, Stat3, TGF-β1, and Il6. Mof may be crucially involved in the IL17A-induced inflammation in DSS-induced colitis.
Changes in gene expression profiles in colonic tissues due to Mof deficiency
To further explore other potential mechanisms through which Mof induces inflammation in DSS-induced colitis, we subsequently performed RNA sequencing (RNA-seq) with colon tissues of Mof-cKO and control mice without colitis. RNA-seq data analysis identified 655 genes that changed significantly, including 313 upregulated and 342 downregulated genes ( Fig. 4A and B) . Gene ontology analysis of the differentially expressed genes indicated that Mof mainly regulates cellular processes, environmental information processing, human diseases such as autoimmune disease and cancer, metabolism and organismal systems (Fig.  4C) . Among the 655 differentially expressed genes, 68 (10.4%) were related to inflammatory response processing or immune disease with 47 genes downregulated (Fig. 4D) . The signaling pathway of these genes are described in Table 1 . RNA-seq data analysis implied that Mof may have a role in a variety of diseases associated with inflammation through complex mechanisms. 
Cellular Physiology and Biochemistry
Cellular Physiology and Biochemistry therapeutic goals are to achieve clinical remission and improve quality of life [38] . Although environmental factors provide an enormous contribution to the development of IBD, the pathogenesis of IBD remains unclear, thereby limiting the discovery of effective therapeutic targets for IBD. Considering the prominence power of epigenetic modification in regulating gene expression induced by environmental factors, studies relevant to the role of epigenetic modification in inflammation and inflammatory disease including IBD are emerging [16, 39] . Many studies have demonstrated that histone acetylation is associated with the intestinal inflammatory response. Therefore it has been suggested that HDAC inhibitors may provide a therapeutic option in IBD [40] . However, this view has recently been challenged [24] . These data highlight the importance of investigating the activity of specific regulators for histone modification in inflammatory disease. Although preliminary evidence has demonstrated the changes of H4 acetylation in animal models of IBD and biopsy samples from patients with colitis [25] , further studies need to address the direct role of HATs and HDACs in IBD. In our study, we observed that both Mof and acetylation of H4k16 were significantly elevated in DSS-induced colitis in mice which suggested that Mof has an active role in the process of DSS-induced colitis. To further ensure the importance of Mof in IBD pathogenesis, we investigated DSS-induced colitis in Mof fl/fl ; ER Cre -control mice and Mof fl/fl ; ER Cre + (Mof-cKO) mice with a conditional deletion of Mof following TAM treatment. We found that the Mof -cKO mice presented mild colitis, whereas the control mice developed severe colitis after DSS treatment, indicating that Mof deficiency ameliorates DSS-induced colitis in mice.
IL17A produced by Th17 cells functions as a pro-inflammatory cytokine in the development of IBD. Here, our results showed that a series of Th17-associated key genes, including Il17a, Il22, RORγt, RORα, Stat3, TGF-β1, and Il6, was significantly downregulated in Mof-deficient colonic tissues. The results of Mof ChIP-qPCR illustrated that Mof binds to the promoter of RORγt and Il17a, thus directly regulating their expression. Further studies are needed to explain whether or not Mof directly regulates the expression of other genes. Studies are also needed to determine how Mof affects the function and differentiation of Th17 cells, and whether the contribution of Mof to Th17-associated genes plays a key role in ameliorating DSS-induced colitis in mice. RNA-seq analysis on colonic tissues of Mof-cKO mice and control mice without colitis showed their gene expression profiles and suggested that many inflammation-associated genes (47 genes) are downreglated in Mofdeficient tissues (Fig. 4C and D) , including the NF-κB signaling pathway, a crucial pathway in controlling inflammatory responses and fighting infection [41] . In summary, these results have demonstrated that histone H4K16 acetyltransferase Mof is involved in the progression of colitis. This finding may provide a novel view for HATs as a therapeutic target in mucosal inflammation. Considering the diversity of human IBD, further studies will be needed to address the potential mechanism by which Mof contributes to the development of inflammatory diseases.
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